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INTRODUCTION 

DNA  double-strand  breaks  (DSBs)  are  induced  by  ionizing  radiation  and  arise  during  meiosis 
and  replication  of  a  damaged  DNA  template.  If  not  handled  properly,  DSBs  often  lead  to  gross 
chromosome  rearrangements.  Homologous  recombination  is  a  major  means  for  the  repair  of 
DSBs  in  all  eukaryotes.  Importantly,  there  is  compelling  evidence  that  homology-directed 
recombinational  DNA  repair  is  needed  for  breast  cancer  avoidance  in  humans. 

In  homologous  recombination,  the  ends  of  the  DSBs  are  subjected  to  exonucleolytic 
processing,  which  results  in  the  formation  of  3'  single-strand  DNA  tails  a  few  hundred  bases  in 
length.  Nucleation  of  the  recombination  factors  onto  these  single-strand  tails  renders  them 
recombinogenic,  leading  to  a  search  for  the  chromosomal  homolog  and  the  stable  pairing  of 
the  single-strand  tails  with  the  homolog  to  form  a  DNA  joint  called  "D-loop".  In  the  later 
stages,  DNA  synthesis  occurs,  followed  by  the  resolution  of  DNA  intermediates  to  yield 
mature  recombinants  and  restore  the  integrity  of  the  injured  chromosome.  Extensive  genetic 
evidence  indicates  that  the  evolutionarily  conserved  genes  of  the  RAD52  epistasis  group,  of 
which  RAD54  and  RAD54B  are  key  members,  mediate  D-loop  formation.  Currently,  there  is  a 
paucity  of  information  on  the  functions  of  the  Rad54  and  Rad54B  proteins  in  the 
recombination  reaction.  We  have  cloned  both  the  RAD54  and  RAD54B  genes  from  a  human 
testis  cDNA  library  and  have  expressed  their  encoded  products  in  insect  cells  using 
recombinant  baculoviruses.  Rad54  protein  has  been  purified  to  near  homogeneity  and  found 
to  possess  a  DNA  supercoiling  function  that  is  driven  by  ATP  hydrolysis.  Importantly,  we  find 
that  Rad54  protein  functionally  and  physically  interacts  with  the  Rad51  recombinase.  Further 
studies  are  proposed  to  delineate  the  action  mechanism  of  Rad54  and  Rad54B  proteins  in  the 
Rad51-mediated  D-loop  reaction,  and  also  to  purify  and  define  the  functions  of  higher  order 
complexes  containing  these  proteins.  These  studies  should  shed  some  light  on  the  biochemical 
functions  of  Rad54  and  Rad54B  and  should  also  provide  a  biochemical  model  for  dissecting  the 
mechanism  of  homology-directed  DNA  repair  in  human  cells. 

BODY 

In  eukaryotic  organisms,  the  repair  of  DNA  double-stranded  breaks  by  homologous 
recombination  is  mediated  by  a  group  of  evolutionarily  conserved  genes  known  as  the  RAD52 
epistasis  group,  of  which,  Rad51,  Rad54,  Rad54B  are  key  members  (reviewed  by  Sung  et  al, 
2000).  In  mammals,  the  efficiency  of  homology-directed  DNA  repair  is  regulated  by  the  tumor 
suppressors  BRCA1  and  BRCA2  (Pierce  et  al,  2001),  thus  providing  a  compelling  link  between 
this  DNA  repair  pathway  and  the  suppression  of  cancer  formation.  The  involvement  of  the 
homologous  recombination  machinery  in  the  maintenance  of  genome  stability  and  tumor 
suppression  underscores  the  need  for  deciphering  the  action  mechanism  of  this  machinery. 

During  the  homologous  repair  of  DNA  double-stranded  breaks,  a  single-stranded  DNA 
intermediate  is  utilized  by  the  recombination  machinery  to  invade  a  DNA  homolog,  most 
often  the  sister  chromatid,  to  form  a  DNA  joint  molecule  referred  to  as  a  D-loop  (Sung  et  al, 
2000;  Figure  1).  D-loop  formation  is  critical  for  subsequent  steps  in  the  recombination  reaction, 
which  include  repair  DNA  synthesis  and  resolution  of  recombination  intermediates  (Sung  et  al, 
2000),  that  lead  to  the  restoration  of  the  integrity  of  the  injured  chromosome. 

Rad51  is  the  structural  and  functional  homolog  of  the  E.  coli  general  recombinase  enzyme 
RecA  (Sung,  1994;  Sung  et  al,  2000).  The  RAD54  and  RAD54B  encoded  products  belong  to  the 
Swi2/Snf2  protein  family  and  appear  to  be  unique  to  eukaryotes  (Sung  et  al,  2000).  Purified 
Rad54  has  DNA-dependent  ATPase  and  DNA  supercoiling  activities.  However,  the  manner  in 
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which  Rad54  influences  the  Rad51-mediated  D-loop  reaction  has  remained  mysterious.  We 
have  been  conducting  studies  aimed  at  dissecting  the  biochemical  functions  of  Rad54  and 
Rad54B  proteins  and  their  interactions  with  Rad51  in  recombination  and  DNA  repair. 


Purification  of  human  recombination  factors-  Human  Rad51  protein  was  expressed  in  E.  coli 
and  purified  to  near  homogeneity  (Fig.  1A)  as  described  previously  (Sigurdsson  et  al,  2001). 
Full  length  human  RAD54  and  RAD54B  cDNAs  were  cloned  from  a  testis  cDNA  library  using 
the  polymerase  chain  reaction.  The  cloned  cDNAs  were  sequenced  to  ensure  that  they  agree 
with  the  published  sequences.  We  tagged  Rad54  with  a  FLAG  epitope  and  expressed  it  in 
insect  cells  by  the  use  of  a  recombinant  baculovirus.  We  obtained  ~1  mg  of  nearly 
homogeneous  Rad54  protein  (Fig.  IB)  from  500  ml  of  insect  cell  culture  by  a  combination  of 
conventional  column  chromatography  and  affinity  binding  to  an  antibody  specific  for  the 
FLAG  epitope.  Untagged  Rad54B  has  been  expressed  in  insect  cells  as  well  (Fig.  1C).  We  are  in 
the  process  of  devising  a  procedure  for  the  purification  of  Rad54B. 
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Figure  1.  Recombination  factors.  Purified  human  Rad51  (A)  and  human  Rad54  (B)  were  analyzed  by  SDS-PAGE 
and  staining  with  Coomassie  Blue.  In  (C),  extracts  from  uninfected  insect  cells  (lane  1)  or  insect  cells  infected 
with  the  recombinant  baculovirus  (lane  2)  that  expresses  human  Rad54B. 


Rad54  physically  interacts  with  hRad51  -  Rad51  and  Rad54  interact  in  yeast  two-hybrid 
studies  (Golub  et  al,  1997).  To  examine  whether  purified  Rad54  physically  interacts  with  Rad51, 
we  coupled  Rad51  to  Affi-gel  beads  to  use  as  affinity  matrix  for  binding  Rad54.  As  shown  in 
Figure  2,  purified  Rad54  was  retained  on  Affi-Rad51  beads  but  not  on  the  control  Affi-beads 
that  contained  bovine  serum  albumin.  The  results  thus  indicate  a  direct  and  specific  interaction 
between  Rad51  and  Rad54. 
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Figure  2.  hRad54  interacts  with  hRad51.  Purified  hRad54  was  mixed  with  Affi-beads  containing  either  BSA 
(Affi-BSA)  or  hRad51  (Affi-Rad51),  washed  twice  with  buffer,  followed  by  treatment  of  the  beads  with  SDS 
to  elute  bound  hRad54.  The  starting  material  (I),  supernatant  (S),  the  two  washes  (W1  and  W2),  and  the  SDS 
eluate  (E)  were  subjected  to  immunoblotting  to  determine  their  hRad54  content. 

Rad54  supercoils  DNA  and  promotes  separation  of  DNA  strands  -  We  and  others  have 
shown  that  members  of  the  Swi2/Snf2  protein  family  track  on  DNA,  generating  a  positively 
supercoiled  domain  ahead  of  protein  movement  and  compensatory  negative  supercoils 
behind  (Van  Komen  et  al,  2000;  Havas  et  al,  2000;  Ristic  et  al,  2001;  see  Fig.  3A).  As  shown  in 
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Figure  3B,  purified  Rad54  also  supercoils  DNA  in  a  similar  manner,  as  revealed  by  treatment 
of  the  Rad54-DNA  nucleoprotein  complex  with  E.  coli  topoisomerase  I,  which  removes  the 
negative  supercoils,  resulting  in  the  accumulation  of  positive  supercoils  and  formation  of  an 
overwound  species  called  Form  OW.  The  negative  supercoils  produced  by  Rad54  (Fig.  3A) 
leads  to  transient  DNA  strand  opening,  rendering  the  relaxed  DNA  template  sensitive  to  the 
single-strand  specific  nuclease  PI  (Fig.  3C).  Both  the  supercoiling  and  strand  opening  functions 
require  ATP  hydrolysis,  as  revealed  by  the  omission  of  ATP  or  its  substitution  by  the  non- 
hydrolyzable  ATP  analogues  ATP-y-S  and  AMP-PNP  (Fig.  3,  B  &  C). 
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Figure  3.  hRad54  supercoils  DNA  and  promotes  DNA  strand  opening.  (A)  Basis  for  hRad54  induced 
supercoiling,  as  per  Ristic  et  al  (2001)  and  Van  Komen  et  al  (2000).  The  free  energy  from  ATP  hydrolysis  fuels 
the  tracking  of  a  hRad54  oligomer  on  DNA,  producing  a  positively  supercoiled  domain  ahead  of  protein 
movement  and  a  negatively  supercoiled  domain  behind.  (B)  Increasing  amounts  of  hRad54  (200,  400,  and  750  nM 
in  lanes  3  to  5,  respectively)  was  incubated  with  topologically  relaxed  DNA  (20  juM  nucleotides)  and  E.  coli 
topoiosmerase  I  in  buffer  that  contained  ATP.  The  highest  amount  of  hRad54  (750  nM)  was  also  incubated  with 
the  DNA  substrate  in  the  absence  of  topoisomerase  (lane  6)  and  in  the  presence  of  topoisomerase  but  with  the 
omission  of  ATP  (lane  7)  or  the  substitution  of  ATP  by  ATP-y-S  (y-S;  lane  8)  and  AMP-PNP  (PNP;  lane  9).  DNA 
alone  (lane  1)  or  DNA  incubated  with  topoisomerase  (lane  2)  were  also  included.  The  reaction  mixtures  were 
run  in  a  1%  agarose  gel,  which  was  treated  with  ethidium  bromide  to  reveal  the  DNA  species. 

(C)  Increasing  amounts  of  hRad54  (200,  400,  and  750  nM  in  lanes  3  to  5,  respectively)  was  incubated  with 
topologically  relaxed  DNA  (20  juM  nucleotides)  and  PI  nuclease  in  buffer  that  contained  ATP.  The  highest 
amount  of  hRad54  (750  nM)  was  also  incubated  with  the  DNA  substrate  in  the  absence  of  PI  (lane  6)  and  in  the 
presence  of  PI  but  with  the  omission  of  ATP  (lane  7)  or  the  substitution  of  ATP  by  ATP-y-S  (y-S;  lane  8)  and 
AMP-PNP  (PNP;  lane  9).  DNA  alone  (lane  1)  and  DNA  incubated  with  PI  in  the  absence  of  hRad54  (lane  2) 
were  also  included.  The  reaction  mixtures  were  run  in  a  1%  agarose  gel  containing  10  /iM  ethidium  bromide. 


Rad54  activities  are  enhanced  via  interaction  with  Rad51  -  Since  Rad54  physically  interacts 
with  RadSl  (Fig.  3),  we  asked  whether  the  DNA  supercoiling  activity  of  Rad54  would  be 
enhanced  by  RadSl.  The  results  showed  that  hRad51  greatly  stimulates  the  supercoiling 
reaction,  as  indicated  by  a  much  higher  level  of  Form  OW  DNA  (Fig.  4A).  In  the  PI  assay  that 
measures  DNA  strand  opening,  the  inclusion  of  Rad51  markedly  increased  the  nicking  of  the 
relaxed  DNA  substrate  (Fig.  4B).  RadSl  alone  is  devoid  of  DNA  supercoiling  or  strand  opening 
activity  (Fig.  4,  A  &  B).  Even  with  the  inclusion  of  RadSl,  no  Form  OW  DNA  or  nicking  of 
DNA  was  seen  when  ATP  was  omitted  or  substituted  by  the  non-hydrolyzable  analogues 
ATP-y-S  and  AMP-PNP  (Fig.  4).  Thus,  the  results  revealed  that  RadSl  stimulates  the  ability  of 
Rad54  to  supercoil  DNA  and  unwind  DNA  strands. 
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Figure  4.  The  hRad54  activities  are  stimulated  by  hRad51.  (A)  Relaxed  DNA  (20  //M  nucleotides)  was 
incubated  with  hRad54  (75  nM  in  lanes  2,  and  4  to  9)  and  hRad51  (80,  160,  and  240  nM  in  lanes  4  to  6, 
respectively)  in  the  presence  of  ATP  and  E.  coli  topoisomerase  I.  The  highest  amount  of  hRad51  (240  nM)  was 
incubated  with  substrate  and  topoisomerase  I  but  without  hRad54  (lane  3)  and  also  with  hRad54  (75  nM)  but 
with  the  omission  of  ATP  (lane  7)  or  its  substitution  with  ATP-y-S  (7-S;  lane  8)  or  AMP-PNP  (PNP;  lane  9). 
DNA  alone  was  analyzed  in  lane  1.  After  deproteinization,  the  reaction  mixtures  were  run  in  a  1%  agarose  gel, 
which  was  treated  with  ethidium  bromide  to  stain  the  DNA  species. 

(B)  Relaxed  DNA  was  incubated  with  hRad54  (75  nM  in  lanes  2  and  4  to  9)  and  hRad51  (80,  160,  and  240  nM  in 
lanes  4  to  6,  respectively)  in  the  presence  of  ATP  and  PI  nuclease.  The  highest  amount  of  hRad51  (240  nM)  was 
incubated  with  substrate  and  PI  but  without  hRad54  (lane  3)  and  also  with  hRad54  (75  nM)  but  with  the 
omission  of  ATP  (lane  7)  or  its  substitution  with  ATP-y-S  (y-S;  lane  8)  or  AMP-PNP  (PNP;  lane  9).  DNA  alone 
was  run  in  lane  1.  Analysis  was  carried  out  in  a  1%  agarose  gel  that  contained  10  juM  ethidium  bromide. 


Homologous  pairing  by  Rad51  and  Rad54  -  Genetic  studies  have  implicated  Rad54  in 
promoting  the  Rad51-catalyzed  homolgous  DNA  pairing  reaction  that  is  central  to  all 
recombination  processes.  We  employed  a  well  characterized  in  vitro  system  (Sung  et  al,  2000) 
to  investigate  a  possible  functional  interaction  between  Rad51  and  Rad54.  This  assay  monitors 
the  incorporation  of  a  32P-labeled  oligonucleotide  into  a  homologous  supercoiled  target  to  give 
a  D-loop  structure  (Fig.  5A).  As  reported  before  (Mazin  et  al,  2000a)  and  reiterated  here  (Fig. 
5B),  hRad51  by  itself  is  not  particularly  adept  at  forming  D-loop.  Importantly,  the  inclusion  of 
hRad54  rendered  D-loop  formation  possible.  D-loop  formation  by  the  combination  of  hRad51 
and  hRad54  requires  ATP  hydrolysis,  as  no  D-loop  was  seen  when  ATP  was  omitted  or  when 
it  was  replaced  by  either  ATP-y-S  or  AMP-PNP  (Fig.  5B).  Significantly,  the  time  course  revealed 
a  cycle  of  rapid  formation  and  disruption  of  D-loop,  such  that  the  D-loop  level  reached  its 
maximum  by  1  min  but  declined  rapidly  thereafter  (Fig.  5B).  In  fact,  by  the  reaction  endpoint 
of  6  min,  little  or  no  D-loop  remained  (Fig.  5B).  Such  a  cycle  of  D-loop  synthesis  and  reversal 
has  also  been  observed  for  E.  coli  RecA  (Shibata  et  al,  1982),  which  is  due  to  disassembly  of  the 
RecA-ssDNA  nucleoprotein  complex  upon  ATP  hydrolysis  (Bianco  et  al,  1998). 
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Figure  5.  D-loop  formation  by  hRad51  and  hRad54.  (A)  Schematic  of  assay.  A  radiolabeled  90-mer  DNA  pairs 
with  a  homologous  duplex  target  to  yield  a  D-loop.  (B)  hRadSI  alone  (lanes  2  and  3),  hRad54  alone  (lanes  4 
and  5),  and  the  combination  of  hRad51  and  hRad54  (lanes  6  to  14)  were  incubated  at  30°C  for  the  indicated 
times  with  the  DNA  substrates  in  the  presence  of  ATP  (lanes  2  to  11),  ATP-y-S  (yS;  lane  13),  AMP-PNP  (PNP; 
lane  14),  or  in  the  absence  of  nucleotide  (lane  12).  In  lane  1,  the  DNA  substrates  were  incubated  in  buffer  without 
protein.  The  protein  and  DNA  concentrations  were:  hRadSI,  800  nM;  hRad54,  120  nM;  90-mer  oligonucleotide, 
2.5  ^M  nucleotides  or  27.7  nM  oligonucleotide;  pBluescript  supercoiled  DNA,  35  (iM  base  pairs  or  11.6  nM  of 
plasmid. 
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Higher  order  protein  complexes  ofRad54  and  Rad54B  -  Members  of  the  Swi2/Snf2  protein 
family  tend  to  be  associated  with  other  protein  factors  in  higher  order  complexes  that  possess 
chromatin  remodeling  activities  (Vignali  et  al,  2000).  We  are  most  interested  in  finding  out 
whether  Rad54,  a  member  of  this  protein  family,  is  also  present  in  higher  order  complexes,  we 
will  define  the  biochemical  functions  of  these  complexes.  To  approach  this  question,  we  are  in 
the  process  of  subjecting  nuclear  extract  from  Hela  and  Raji  cells  to  chromatographic 
fractionation  and  will  identify  Rad54  by  immunoblotting  with  highly  specific  polyclonal 
antibodies  that  we  already  have  available.  We  will  employ  a  variety  of  tests,  including 
immunoprecipitation  and  sizing  in  gel  filtration  columns  or  glycerol  gradient  sedimentation  to 
see  if  Rad54  from  cell  extract  is  found  in  high  molecular  weight  complexes  (purified  Rad54  is 
monomeric  in  solution).  We  will  also  probe  the  column  fractions  for  Rad54B  protein  to  see  if  it 
is  part  of  these  complexes.  Importantly,  Rad54/Rad54B-containing  protein  complexes  will  be 
purified  to  near  homogeneity  to  enable  us  to  define  the  novel  components  by  mass 
spectrometry  and  to  conduct  various  biochemical  experiments  including  D-loop  reaction  and 
chromatin  remodeling  to  delineate  the  possible  functions  of  these  complexes.  These 
biochemical  endeavors  will  be  complemented  by  the  appropriate  genetic  studies  in  future. 

Purification  &  Characterization  of  Rad54B  -  As  mentioned  above,  we  already  have  Rad54B 
expressed  in  the  baculovirus  system  (Fig.  1C),  and  we  are  in  the  process  of  devising  a 
procedure  for  its  purification.  When  available,  we  will  characterize  Rad54B  for  ATP  binding 
and  hydrolysis  with  or  without  a  ssDNA  or  dsDNA  co-factor,  the  ability  to  supercoil  and 
unwind  DNA,  and  physical  and  functional  interactions  with  Rad51,  following  the  strategies  we 
have  used  for  the  characterization  of  Rad54  protein. 

BRCA2  protein  -  We  have  expanded  considerable  effort  to  express  full  length  human  BRCA2 
protein  in  the  baculovirus  system  and  have  thus  far  obtained  only  a  small  amount  of  soluble 
protein.  We  are  currently  exploring  the  use  of  yeast  cells  for  BRC Al  expression. 


APPENDED  INFORMATION 


(1)  Key  research  Accomplishments  to  date 

•  Established  procedure  for  the  purification  of  the  human  Rad50/Mrell/NBS1  complex 
from  nuclear  extracts,  and  extensive  biochemical  characterization  of  this  complex  for 
activities  germane  for  homologous  recombination  and  DNA  repair. 

•  Purification  of  human  Rad51  and  RPA  and  demonstration  of  functional  cooperation 
between  these  two  factors  in  the  homologous  DNA  pairing  reaction  central  for  the 
formation  of  heteroduplex  DNA  joints  during  homologous  recombination  and  DNA 
repair. 

•  Expression  and  purification  of  human  Rad51B-Rad51C  complex  and  extensive 
characterization  of  its  DNA  binding  and  ATPase  activities  and  also  its  functional 
interactions  with  human  Rad51  in  the  homologous  DNA  pairing  reaction. 

•  Expression  and  purification  of  human  Rad54  and  extensive  characterization  of  its 
ATPase  and  DNA  supercoiling  activities  and  also  its  functional  interactions  with  human 
Rad51  in  DNA  supercoiling  and  the  homologous  DNA  pairing  reaction. 

•  Expression  and  purification  of  human  XRCC2  and  Rad54B  proteins. 
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(2)  Reportable  Outcomes 

•  Invited  Speaker,  Third  International  Conference  on  DNA  Repair,  Replication,  and 
Recombination,  Osaka,  Japan.  Title  of  Presentation:  "An  Overview  of  the  Enzymology 
of  Recombination  and  DSB  Repair  in  Eukaryotes." 

•  Invited  Speaker,  Keystone  Conference  on  Mechanism  of  DNA  Replication  and 
Recombination.  Title  of  Presentation  "Recombination  Factors  that  Influence  the  Rad51 
Recombinase  Activity". 

•  Invited  Speaker  &  Session  Chair,  EMBO  Workshop  on  Mechanisms  of  Genetic 
Recombination.  Chaired  session  on  "Recombination  Proteins".  Tide  of  Presentation: 
"Action  Mechanism  of  Yeast  and  Human  Rad54". 

•  Invited  Speaker,  Annual  Meeting  of  the  Environmental  Mutagen  Society,  Anchorage, 
Alaska.  Title  of  Presentation  "Functional  Interactions  among  Human  Rad51,  RPA,  and 
Mediator  Proteins". 

•  Invited  Speaker,  Radiation  Research  Symposium  in  Reno,  Nevada.  Title  of  Presentation 
"Mechanisms  and  Assembly  of  Homologous  Recombination  Protein  Complexes". 
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